Brief periods of global brain ischemia cause cell death in hippocampal CAl pyramidal neurons days after reperfusion. Other neurons such as parietal cortical and hippocampal CA3 neurons are much less vulnerable (Kirino, 1982; Pulsinelli et aI., 1982) . The cause of such delayed neuronal damage in the CAl neurons has not been fully elucidated, although many putative mechanisms have been proposed (Bodsch et aI., 1985; Wieloch, 1985; Imdall and Hossmann, 1986; Rothman and Olney, 1986; Wes terberg et aI., 1987; Vass et aI., 1988) . Protein syn thesis did not recover in CAl cells after transient ischemia in gerbils (Bodsch et aI., 1985) . Release of arachidonic acid was different in the vulnerable CAl heat shock protein (HSP) 60 began to increase at 3 h in the CAl cells and was sustained until 1 day. The mRNAs for 72-kDa heat shock protein and 73-kDa heat shock cognate protein, which are located mainly in the cytoplasm, were induced together in the CAl cells with a peak at 1-2 days. These results suggest that a disturbance of mt DNA ex pression occurred in the CAl neurons at the early stage of reperfusion and was aggravated over the course of time. The disturbance could cause progressive failure of energy production of the cells that eventually results in neuronal cell death. Key Words: Cytochrome C oxidase-Heat shock cognate protein 70--Heat shock proteins 60 and 70--Ischemia.
cells and the more resistant CA3 cells during isch emia (Westerberg et aI., 1987) , and capillary perfu sion was also different between the regions after reperfusion (Imdall and Hossmann, 1986 ). An im munohistochemical examination showed that heat shock protein (HSP) 70 staining is much lower in the CAl than in the CA3 or cortical neurons after ischemia (V ass et aI., 1988) . A transient increase of excitatory neurotransmitter release during ischemia and the early period of reperfusion may induce damage in the vulnerable neurons (Benveniste et aI., 1984; Wieloch, 1985; Rothman and Olney, 1986; Nakata et aI., 1992) . All the above mechanisms may be related to the cause of the cell death. However, extended studies are required to explain why the eventual cell death takes 3-4 days after the initial ischemic insult.
Abnormalities in mitochondrial (mt) DNA have been reported in several neurodegenerative dis eases and in normal aging in human (Ikebe et al., 1990; Parker et al., 1990; Schapira et aI., 1990; Schoffner et aI., 1991) . Although such abnormalities in mt DNA might not be the primary causes of the diseases, progressive loss or breakage of normal mt DNA may reduce energy production in neurons, which could contribute at least to a part of their degenerative process. Many biochemical analyses of the activities of mt respiratory function have been reported in the brain with experimental isch emia (Ozawa et aI., 1967; Wagner et aI., 1990) . However, regional changes of mt enzyme activity, mRNA, and DNA in sections from identical brains after ischemia have never been reported in relation to delayed neuronal death of the CAl neurons. Re cent reports suggest the role of HSPs as "molecular chaperones" (Hightower, 1991; Gething and Sam brook, 1992) . HSPs are involved in protein folding in the cytoplasm [HSP70 and heat shock cognate protein (HSC) 70] and in mitochondria (HSP60) and are essential for nascent polypeptides to become mature enough to work. Therefore, HSP gene ex pression was also examined in relation to mt protein activities. Here we report interesting changes in mt DNA expression in gerbil hippocampus after tran sient brain ischemia, which may be closely related to the delayed death of hippocampal CAl neurons vulnerable to ischemia.
EXPERIMENTAL PROCEDURES

Animal experiments
Male Mongolian gerbils (Meriones unguicu[atus), aged 12 weeks and weighing �80 g, were lightly anesthetized by inhalation of a nitrous oxide/oxygen/halothane (69:30: I, by %) mixture. A midline neck incision exposed both common carotid arteries. When the animal began to regain consciousness after discontinuation of anesthesia, both common carotid arteries were occluded for 3.5 min using surgical clips (Abe et aI., 1991) . Body temperature was monitored in all animals and maintained at 37 ± 0.2°C using a heating pad during the surgical preparation. After reperfusion, no attempt was made to maintain constant body temperature of animals. The animals recovered for 1, 3, and 8 h and 1, 2, and 7 days at ambient temperature (21-24°C), then were decapitated. Sham control animals were killed in the same way just after surgical preparation without occlusion of the carotid arteries.
All the animal experiments were approved by the An imal Committee of the Tohoku University School of Med icine.
Northern and Southern blot analyses
The cerebral cortex of a sham control animal was dis sected, quickly frozen in liquid nitrogen, and stored at -80°C. The cortical tissue from one side was used for Northern blot analysis and that from the other side was used for Southern blot analysis. The cerebral cortex of a gerbil was also obtained at 8 h of reperfusion after 10 min of transient forebrain ischemia for the Northern analyses with HSP70 and HSC70 probes. Total RNA was ex tracted, and Northern analyses were performed accord ing to our previous method (Abe et aI., 1991) with [ex-3 2 PjdATP (6,000 Ci/mmol; Amersham)-labeled cDNA probes. The probe cDNAs for cytochrome C oxidase J Cereb Blood Flow Metab, Vol. 13, No.5, 1993 (COX) subunit I (COX-I) (designated pGSC8) (Abe et aI., 1993) , HSP70 (pGA3) (Sato et aI., 1992) , and HSC70 (pGD3) mRNAs were originally derived from the cerebral cortex of gerbils. The probe cDNA for HSP60 mRNA was originally from a human cell line (Hickey et aI., 1986) and was obtained from StressGen Biotechnologies Corp. (SPD-920; Victoria, B.C., Can ada). The sizes of the cDNA inserts for COX-I, HSP70, HSC70, and HSP60 mRNAs were 1.2, 1.0, lA, and 1.5 kb, respectively.
Five micrograms of total genomic DNA extracted in an ordinary way (Maniatis et aI., 1982) from cortical tissue of the sham control animals was digested with Pvull to ob tain linear mt DNA. Southern analysis was performed using [ex-3 2 PldATP-labeled pGSC8 probe.
In situ hybridization
Sham control brains and brains obtained by decapita tion at 1, 3, and 8 h and 1, 2, and 7 days after 3.5-min ischemia (n = 3 at each time point) were frozen in pow dered dry ice. Sections (10 fLm) at dorsal hippocampal levels were cut on a cryostat at -18°C and collected on slides coated with Histostick (Accurate Chemical and Scientific Corp., Westbury, NY, U.S.A.).
The cDNA inserts for COX-I (pGSC8), HSP70 (pGA3), HSC70 (pGD3), and HSP60 (HSP60) mRNAs were radi olabeled with [ex-35SjdCTP (1,000 Ci/mmol; Amersham) by means of a random primer labeling kit (Boehringer Mannheim, Germany), resulting in specific activities of 5-6 x 108 dprnlfLg. The l.l-kb fragment of pHSG396 plas mid (Takara, Tokyo, Japan) digested by Hinfl was simi larly labeled as a control probe. In situ hybridizations to detect mRNAs for COX-I, HSP70, HSC70, and HSP60 were performed according to our previous method (Kawagoe et aI., 1992) . The hybridized sections were washed at 42°C for 2 h in 2x SSC (1 x SSC = 150 mM NaCI + 15 mM sodium citrate) and for 1 h in 1 x SSC, and then dehydrated through a graded ethanol series con taining 0.3 M ammonium acetate. Hybridization signals were visualized by exposure against an x-ray film. The slides from controls and from animals at 3 h to 1 day of reperfusion were dipped in a liquid emulsion (NR-M2; Konica Corp., Tokyo, Japan), exposed at 4°C for 3 weeks, developed, and counterstained with hematoxylin. Several sections at 8 h of reperfusion were treated with toO fLg/ml RNase A and to U/ml RNase T1 (Sigma, St. Louis, MO, U.S.A.) at 37°C for 30 min prior to prehy bridization; they were then hybridized with probe for COX-I, HSP70, HSC70, or HSP60 mRNA.
In situ hybridization to detect mt DNA with pGSC8 probe was performed according to the previous method (Mita et aI., 1989) . In brief, the frozen sections (10 fLm) were fixed with 4% paraformaldehyde, digested with pro teinase K (5 fLg/ml) , and then treated with RNase A (50 fLg/ml) at 37°C for 30 min in 2x SSC. After prehybridiza tion for 2 h, the sections were placed in 70% formamidel 2x SSC for 5 min at 75°C to denature cellular DNAs. The sections were then hybridized with [ex-35SjdCTP-Iabeled pGSC8 insert in the same way as above. To check the specificity of the hybridization to mt DNA, but not to mRNA, a sham control section was hybridized with the radioactive probe after the RNase A treatment without subsequent denaturation of DNA.
All the sections were prehybridized, hybridized, washed, and exposed together at the same time for each probe.
Histology and histochemistry
Frozen brain sections at each time point after the 3.5-min ischemia were fixed, stained with cresyl violet, and examined by light microscope according to our previous method (Kawagoe et aI., 1992) .
Activities of COX and succinic dehydrogenase (SDH; EC 1.3.99.1) were topographically demonstrated in adja cent sections from identical brains according to standard methods (Seligman et aI., 1968; Lippold, 1982) . For COX histochemistry, brain sections were incubated at 37°C for 60 min in a solution (pH 5.5) containing 0.2% (wt/vol) 3,3' -diaminobenzidine tetrahydrochloride, 0.1 % MnCI 2 , 0.001 % H 2 0 2 in 0.1 M sodium acetate buffer, washed with water, then incubated for 5 min in 1% CuS04 and dehydrated with graded acetone. For SDH histochemis try, brain sections were incubated at 37°C for 30 min in a solution (pH 7.0) containing 1% (wt/vol) sodium succi nate, 0.1% nitro blue tetrazolium, 0.0025% phenazine methosulfate in 0.1 M Tris-HCI buffer, dehydrated, and washed.
Densitometric analysis
Regional changes of COX and SDH activities, COX-I mRNA, COX-I DNA, and mRNAs for HSP70, HSC70, and HSP60 within the hippocampal CAl subfieId (oriens layer, CAl pyramidal cell layer, stratum radiatum, and lacunosum moleculare layer) were analyzed with a com puterized densitometer (Kontron Image Analyzer; Carl Zeiss, Germany) for three sections at each time point. Optical densities from both sides of a section were com bined to obtain the mean value for each animal, and the mean value from three animals was expressed as percent age of the sham control.
RESULTS
Specificity of probes
Northern blot analyses showed that HSP70 and HSC70 probes detected the 2.8-and 2.4-kb mRNAs, respectively, as in our previous report (Kawagoe et aI., 1992; Sato et aI., 1992) . In the sham control brain, no signal was found with the HSP70 probe, while HSC70 mRNA was detected with the HSC70 probe. At 8 h after 10-min brain ischemia HSP70 mRNA was greatly induced, and HSC70 mRNA was further induced (Fig. 1) . HSP60 probe detected 2.4-kb mRNA (Fig. 1) , the size compatible with HSP60 mRNA reported for humans (Hickey et aI., 1986) . The pGSC8 insert for COX-I detected 1.6-kb mRNA (Fig. 1, COX-I, N) . Our previous report showed that the DNA sequence of both ends (span ning totally �600 bp) of the pGSC8 insert had 76-81% homology with the corresponding DNA se quence of mouse mitochondrial COX-I (Abe et aI., 1993) . Southern blot analysis with the pGSC8 probe showed a single band at 16.5 kb (Fig. 1 , COX-I, S), which is a size compatible with normal mammalian mt DNA (Alberts et aI., 1989) .
Observation of sections dipped in the liquid emul sion revealed that grains for COX-I, HSP70, HSC70, and HSP60 mRNAs were located predom- inantly in the neuronal cell bodies (data not shown).
On the other hand, grains for COX-I DNA were not located mainly in the cell bodies but were distrib uted in other parts of hippocampal areas ( Fig. 2c  and g ) similar to the location of COX activities ( Fig.  2a and e) . No signal was detected after treatment with RNases or with plasmid DNA (pHSG396) as a probe for mRNAs (data not shown). Neither signal was found after the RNase A treatment without subsequent denaturation of cellular DNA in the case of COX-I DNA (Fig. 2d ). Taken together with the Northern and Southern analyses, these data support the specificity of the hybridization.
Changes of COX activity, COX-I mRNA, and COX-I DNA Activities of COX in the hippocampus are shown in Fig. 2e . COX activity was high in the oriens layer, stratum radiatum, and lacunosum moleculare layer of the CAl subfield and in the molecular layer of dentate gyrus. As shown in Fig. 3 , COX activity showed a decrease first in the stratum radiatum of the CAl subfield at 3 h (arrowhead). The decrease became more evident in the same layer at 8 h (ar rowhead) and was progressively aggravated. The activity in the oriens layer was also reduced from 8 h and continuously decreased. COX activity in the lacunosum moleculare and oriens (arrowhead) lay ers was markedly decreased at 7 days.
COX-I mRNA was abundantly present in the hip- pocampal neuronal cell layers in the control brain (Fig. 2f) . As shown in Fig. 3 , the amount of COX-I mRNA in the CAl cells seemed to begin to decrease at 1-3 h after reperfusion (arrowhead at 3 h) as com pared with other areas of hippocampal neurons such as CA3 and dentate granule cells. The decrease became more evident at 8 h (arrowhead). The amount of mRNA in CAl cells continuously de creased (arrowheads at 1 and 2 days) and was com pletely lost at 7 days (arrowhead), while other hip pocampal neurons showed almost no change during the reperfusion period.
COX-I DNA was scarcely present in the hippo campal pyramidal cell layers in the control brains (Fig. 2g) . It was rich in the oriens layer and stratum radiatum of the CAl subfield, and especially dense in the lacunosum moleculare layer of the CAl sub field and molecular layer of dentate gyrus. As shown in Fig. 3 , the amount of DNA did not change until 1 day of the reperfusion, began to decrease in the oriens layer of the CAl subfield at 2 days, then significantly decreased in the whole CAl subfield at 7 days (arrowhead). Unlike COX-I mRNA, COX-I DNA did not completely disappear even at 7 days. The amount of COX-I DNA remained normal in other areas of hippocampus during the reperfusion period.
The results obtained in the in situ hybridization were almost reproducible in all animals at each time point.
Changes of HSP70, HSC70, and HSP60 mRNAs HSP70 mRNA was scarcely present in the sham control brain (Fig. 4) . However, mRNA was greatly induced in hippocampal cells even at 1 h after reper- fusion, with a significant induction in dentate gran ule cells, which continued until 8. In the CAl cells, HSP70 mRNA induction gradually intensified with a peak at 2 days and was diminished by 7 days. In the CA3 cells, the induction of HSP70 mRNA began at 1 h and continued until 8 h after the reperfusion. In contrast to the case of HSP70 mRNA, HSC70 mRNA was expressed in all hippocampal cells of the control brain (Fig. 4) . Transient ischemia in creased the amount of HSC70 mRNA in the hippo campal cells. The regional pattern of the chronolog ical change of the HSC70 mRNA induction was al most the same as that of HSP70 mRNA. HSC70 mRNA disappeared in the CAl area at 7 days.
Small amounts of HSP60 mRNA were present in the hippocampal neuronal cells in the control brain (Fig. 4) . Transient ischemia increased the amount of the mRNA in the hippocampal cells after reperfu sion. The level of the mRNA began to increase in the CAl cells at 3 h and was sustained until 1 day (arrowhead). HSP60 mRNA level returned to con trol by 2 days. The level in dentate granule cells also increased at 3 h (arrowhead). However, the amount returned to the control level by 1 day. The amount of HSP60 mRNA in the CA3 cells seemed to be increasing at 3 h. However, the change was not so evident as in the CAl or dentate granule cells.
Densitometric analysis
Densitometric analyses showed that COX activ ity and COX-I mRNA level began to decrease at an early stage of reperfusion in the CAl subfield and progressively deteriorated until 7 days (Fig. 5, top) . The stratum radiatum demonstrated the earliest and most severe change in the COX activity, as was shown in Fig. 3 . The COX-I mRNA level quickly decreased in the entire CAl subfield. On the other hand, SDH activity and COX-I DNA level were normal until 1 day, then gradually decreased from 2 days, and precipitously declined at 7 days (Fig. 5,  top) . HSP70 and HSC70 mRNA levels increased in the CAl pyramidal cell layer from three-to sever alfold from baseline expression, with a peak at 2 or 1 day after reperfusion, respectively (Fig. 5, bot  tom) . HSP60 mRNA level also increased with a peak at I day in CAl cells (Fig. 5, bottom) .
SDH activity and histology
Distribution of the activity of SDH (Fig. 6, left) in the sham control hippocampus was almost the same as that of the COX activity (Fig. 2e) , although the staining was lighter than in the case of COX. The SDH activity was high in the lacunosum moleculare layer of the CAl subfield, but was not so high in the oriens layer. The activity remained almost at the same level as the control by 1 day of the reperfusion (not shown), began to decrease in the oriens layer at 2 days (Fig. 6) , and markedly decreased at 7 days in the entire CAl subfield, especially in the lacunosum moleculare layer (arrowheads).
Histological examinations of cresyl violet stained sections showed that the majority of the CAl cells was still present at 2 days, although the staining began to decrease as compared with the sham control (Fig. 6, right) . The CAl cells were completely lost at 7 days (Fig. 6, right bottom) .
The results obtained in the histochemistry and histology were almost reproducible in all animals at each time point.
DISCUSSION
Our results showed changes in the levels of COX-I mRNA and DNA, the levels of HSP70, HSC70, and HSP60 mRNAs, the activities of COX and SDH, and the histology of the hippocampus in the same brains. COX is a mitochondrial enzyme forming complex IV for the electron transfer system and is composed of 13 subunits; 3 (COX-I, -II, and -III) of them are encoded by mt DNA. Therefore, COX-I mRNA is transcribed from the mt DNA and translated into protein in mitochondria. As shown in Figs. 3 and 5, the decrease of CO X-I mRN A level and COX activity began at the early stage of reper fusion (at 3-8 h) and progressively deteriorated over the course of time. The early decrease of mt COX activity in the stratum radiatum may be related to the high glucose uptake in the same region at the early period of reperfusion (Izumiyama et aI., 1987) , suggesting enhanced glycolysis in the region. AI- Vol. 13, No.5, 1993 though there has been no report of a detailed re gional analysis of lactate levels within the CAl area after cerebral ischemia, a previous investigation suggests a slight elevation of lactate level in the whole CAl subfield of rats after transient ischemia (Pulsinelli and Duffy, 1983) . In contrast, another mt enzyme, SDH (Fig. 6) , which is entirely encoded by nuclear DNA, did not show such an early decrease as COX-I mRNA or COX activity. SDH activity decreased along with the loss of neurons after 2 days of reperfusion (Fig. 6 )-a change similar to that of COX-I DNA (Fig. 3) . Therefore, the de crease of SDH activity and the amount of COX-I DNA may be incidental to the death of cells. HSP70 and HSC70 are located mainly in the cy toplasm, and HSP70 aids HSC70 in salvaging dena tured proteins by solubilizing them and facilitating refolding, or perhaps chaperoning them to a degra dative system under stressful conditions (High tower, 1991; Gething and Sambrook, 1992) . Al though both HSP70 and HSC70 mRNAs were in duced in all hippocampal neurons after ischemia, the sustained inductions in the CAl cells until 1-2 days suggest a continual stressful condition of the cells (Figs. 4 and 5, left and middle) .
HSP60, also known as chaperonin (cpn) 60, is a protein encoded by nuclear DNA and works in con junction with cpn 10 in the mitochondrial matrix Hightower, 1991) . Under normal conditions, mt HSP60/cpn 1 0 receives unfolded polypeptides through cytoplasmic HSC70 via the membrane translocation system. HSP60 may also be involved in the folding of proteins that are synthesized in mitochondria (Gething and Sambrook, 1992) . Al though the role of HSP60 in stressful conditions such as ischemia is not yet known, the increase of HSP60 mRNA (Fig. 4) may be related to the inter action with denatured or unfolded protein in mito chondria by analogy with the role of cytoplasmic HSP70 and HSC70. In fact, the increase of HSP60 mRNA was associated with the inductions of HSP70 and HSC70 mRNAs (Fig. 4) and the de crease of the COX-l mRNA (Fig. 3) . Therefore, these data suggest that the induction of HSP60 may represent a stressful condition of mitochondria in CAl neurons. It should be noted that, unlike COX-I mRNA level, COX-I DNA did not completely dis appear in the CAl area, which might be related to the relative preservation of axon terminals in the area even after the complete loss of neurons (Kirino, 1982) . The mt respiratory complex is essential for the production of ATP by oxidative phosphorylation and consists of complex proteins encoded both by mt DNA and nuclear DNA. The mt DNA encodes for 13 essential oxidative phosphorylation polypep tides as well as containing 2 rRNA and 22 tRNA genes (Wallace et aI., 1988) . A recent report showed that marked decreases in specific mt electron trans fer complexes, especially in complex IV (COX), were found in hyperglycemic cat brain after anoxia (Wagner et aI., 1990) . Our data showed an early onset and the progressive reduction of COX-I mRNA in association with the decrease of COX activity, which must result in progressive failure of energy production in the CAl neurons and eventu ally cause cell death. Previous reports showed that ATP level recovered rapidly in the CAl area after transient ischemia in gerbil (Arai et aI., 1982 (Arai et aI., , 1986 and rat (Pulsinelli and Duffy, 1983) brains. How ever, ATP level was measured only in the somal layer of gerbils or in the whole CAl area of rats. Our results showed a regional difference in the change of COX activity within the CAl area and suggested a progressive change of energy metabolism within a specific region of this area. Therefore, further ex periments will be required in the future for a more detailed regional analysis of the energy metabolites or a quantitative topographic measurement of ATP level within the CAl area.
The different distributions of COX activity/ COX-I DNA and COX-I mRNA support the previ ous hypothesis of the presence of a mitochondrial shuttle system (Hevner and Wong-Riley, 1991) . Mi tochondria are periodically shuttled to and from the cell body region to obtain newly synthesized nu clear-encoded mt proteins, such as the mt transcrip tion factors that are necessary to transcribe mt DNA to mRNA. Therefore, the early decrease of COX-I mRNA found in this experiment suggests a problem of the mt shuttle system or of the mt tran scription factors, or both, in CAl cells after isch emia. The absence of marked morphological changes of mitochondria during reperfusion (Desh pande et aI., 1992) also suggests a functional abnor mality of mt DNA expression. Although further studies are required to understand the exact mech anism, it should be noted that the expression of an mt DNA that encodes an important subunit for the mt energy production is the most susceptible to transient ischemia. The progressive reduction of COX-I mRNA level may account, at least in part, for the reason why CAl cell death takes 3-4 days after the initial ischemic insult.
